The trans-Neptunian objects (TNOs) are small Solar System bodies at large distances from the Sun. As such, their physical properties are difficult to measure. Accurate determination of their physical parameters is essential to model and theorize the actual composition and distribution of the population, and to improve our understanding of the formation and evolution of the Solar System. The objective of this work is to construct phase curves in two filters, V and R, of a large TNO sample obtaining absolute magnitudes (H) and phase coefficients (β), and study possible relations between them and other physical parameters (orbital elements, sizes, and albedos). We used our own data, together with data from the literature, to create the phase curves assuming an overall linear trend. We obtained new magnitudes for 35 TNOs, 27 in the V filter and 35 in the R filter. These magnitudes, together with data from the literature, allowed us to obtain absolutes magnitudes, 114 in the V filter and 113 in the R filter, of which 106 have both. From the search for correlations we found a strong anticorrelation between H V − H R and ∆β = β V − β R , which is probably more related to surface structure than to composition or size of the objects.
INTRODUCTION
The trans-Neptunian objects, TNOs, are distant objects leftovers of the protoplanetary disk where the planets formed. The understanding of their physical properties sets important constrains to improve the evolution models of the Solar System (Mueller et al. 2010) .
Nowadays, the Minor Planet Center 1 lists around 2,300 TNOs. Unfortunately, just a few hundreds of them have high-quality physical studies, due to their orbital and size distributions, that produce few objects brighter than V mag ∼ 17. Among the techniques used to study TNOs, photometry is the less expensive one (in terms of observing time). Photometric studies allow to obtain information of a good number of TNOs via apparent magnitudes and colors. The first are measurements of the integral reflected light by the TNO surface, subjected to the geometry of the observation and physical properties, such as diameter (D) used as a proxy for size through
where C is a constant. On the other hand, colors are the difference of two magnitudes measured using two filters with different effective wavelengths, λ 1 and λ 2 , and, as mentioned, are related to the reflectance spectrum of the objects, or, in other words, to their surface composition. However, even if different colors might imply different compositions, they cannot be used to infer it, but just as a first approach (Doressoundiram et al. 2008; Barucci et al. 2011) .
The TNOs show a great diversity of colors, ranging from neutral to very red (Barucci et al. 2005) . It has been suggested that colors of TNOs together with other properties, such as sizes and albedos at different wavelengths, are used to help describe their surfaces properties and evolution (Luu & Jewitt 1996; Pike, et al. 2017) . However, laboratory work of Kaňuchová, et al. (2012) showed that fully weathered organic materials variate refractive properties of the materials and turn back in the color−color diagrams, such as a result suggest that colors themselves might not be entirely useful to explain the TNOs evolution. Thus, the color diversity of TNOs must be explained taking in account nurture and nature scenarios.
For instance, Peixinho et al. (2012) reported a bimodal (B − R) distribution of centaurs and small TNOs with a gap in (B − R) ∼ 1.6. Such a bimodality was independent of their orbital distribution and could be explained by different location of origin and/or disruptive collisions processes. Also, Lacerda et al. (2014) reported two groups of mid-sized TNOs based in albedo and color: one bright and red, while the other is dark and neutral, with no dynamical segregation. Such a color-albedo separation was explained as different birth locations and is considered as evidence of a break in the composition continuity of the protoplanetary disk.
In a previous work (Alvarez-Candal et al. 2016 , hereafter paper 1) we analyzed the absolute magnitudes (H V ) and phase coefficients (β V ), of 110 TNOs in the V band. The methodology we used in paper 1 was slightly different than the presented here. We only used V magnitudes. In cases when only R magnitudes were available, we transformed them to V magnitudes using the weighed average (V −R) for the object. In the present work we extend our analysis by including data in the R band, i.e., H R and β R , and an updated list of magnitudes, some observed by ourselves and other from the literature not included before. With this, we aim at gaining a deeper comprehension on the surface characterization of TNOs. Of special interest is the "absolute color", H V − H R , that is proportional to the ratio of albedos (Eq. 1) and does not have any phase-related effect, providing a zero-phase approximation to the reflectance spectrum. We also define the "relative phase coefficient" as ∆β = β V − β R and study its relationship with the absolute color and their relation with other typical parameters.
This paper is organized as follows: in the next section we described our new observations, in Sect. 3 we explain the method used, while in Sects. 4 and 5 we present and discuss our results.
OBSERVATIONS AND DATA REDUCTION
New observations of 35 objects are reported in this work. The observations were carried out using the 2.2-m telescope, at the Calar Alto Observatory (Spain), and the Southern Astrophysical Research (SOAR) Telescope, 4.1-m telescope, located at Cerro Tololo Inter-American Observatory (Chile). The observations were carried out using the V and R filters, with a total exposure time of 1800 s per filter, split, typically, into 3 × 600 s. No differential tracking was used since the sum of shorter exposures allows us to minimize trailing on the images, for example a typical centaur can move up to about 2 arcsecs in 10 minutes, therefore, using exposure times of 300 s the length of the trail is about the typical FWHM of the images. Also, short exposures help to reduce the effects of background sources, hot pixels, and cosmic rays hits. Standard stars from Landolt (1992) were also observed at different airmasses ( 1.4) to transform the instrumental magnitudes to the standard system.
All images were bias and flat-field corrected in the usual way using daily calibration files and standard IRAF routines 2 . The images of the science objects were then aligned, using imalign, and median combined, using imcombine. The median combination is useful as it removes hot pixels and cosmic ray hits. We used the task phot to do aperture photometry of the science object and the standard stars, using a fixed aperture to obtain apparent instrumental magnitudes. In the few cases, crowded fields for example, where it was not possible to perform aperture photometry, we used aperture correction.
We followed the procedures outlined in paper 1 to correct the apparent instrumental magnitudes of atmospheric extinction, to compute the zero points of the nights (or used averages when necessary), and to propagate the corresponding errors. Finally, we calculated the reduced magnitudes,
where ∆ is the topocentric distance of the object, and r is its heliocentric distance. Both were obtained from JPLHorizons ephemeris 3 . All information is contained in Table 1 .
METHODS
As we did in paper 1, we used our own data, complemented by data collected from the literature. All references are given in Table 4 . References already provided in paper 1 are not repeated here. In order to obtain H and β we fitted a 1st degree polynomial to the reduced magnitudes according to
The solutions to Eq. 3 are H, as the y-intercept, and β as the slope. Note that the same equation applies for V and R data. The linear fit, although simple, minimizes the number of free parameters and describes well enough the observational data, especially considering the restricted range of α we are using. While fitting, the reduced magnitude was weighted by its error, which is the same error that we have obtained from the apparent magnitudes. As mentioned above, H represents a magnitude averaged over a rotation cycle. Unfortunately, many of the observations reported are snapshots at one unknown rotational phase. We will try to overcome this shortcoming following the procedure outlined below.
We generate 100,000 solutions of Eq. 3 by changing the reduced magnitude according to
where ∆m is the rotational light-curve amplitude (from Thirouin et al. 2010 Thirouin et al. , 2012 Benecchi & Sheppard 2013 ) and rand i is a random number extracted from an uniform distribution within the range [-1, 1] . In cases where ∆m is unknown, we assumed ∆m = 0.14, which is the median value of the distribution. Therefore, H and β will be the average over the 100,000 solutions of Eq. 4 and the errors their respective standard deviations.
Examples are shown in Fig. 1 , where the panels in the left column show the observational data and the best fits. The right column shows the phase space covered by the 100,000 solutions, for data in both filters.
Most of the objects follow the expected behavior: brighter with decreasing phase angle, implying positive values of β. But, there are some objects that present a peculiar behavior, that is of a decrease of magnitude with decreasing phase angle, as seen in the middle and bottom panels of Fig. 1 . Nevertheless, note that the phase space in these cases could allow solutions with positive values of β.
We obtained H V for 114 objects and H R for 113 objects, 105 objects have both. Figures for all our sample can be downloaded from http://extranet.on.br/alvarez/TNOsAbs_Mags/phase-curves.tar.
Distributions
The distribution of the results, absolute magnitudes, phase coefficients, H V − H R , and ∆β obtained for our sample are shown in Fig. 2 . The minimum, average, and maximum of each distribution are reported in Table 2 . At first glance, H V (top left panel) and H R (middle left panel) have similar overall distributions, with some differences in the detail. Likewise for β V (top right) and β R (middle right). In these last cases, most of the objects have positive values of the phase coefficient, with a clear maximum at about 0.02 mag per degree. Nonetheless, it is clear that negative values, even as large as -1 mag per degree, are possible (see discussion below). Most absolute colors are red, with a large concentration at H V − H R ∼ 0.6, while ∆β = 0 is the clear mode of its distribution, which is fairly symmetrical.
Search for correlations
We test our results (H V , H R , H V − H R , β V , β R , and ∆β) for correlations among themselves and against other usual parameters, such as sizes, albedos, and orbital elements. We used the Spearman Correlation test that checks for the linear dependence between two ranked variables. It assesses monotonic relationships, whether linear or not.
The Spearman Correlation test provides two values, the coefficient r s and P r s . The first has the form:
where d i is the difference of the assigned ranges between two variables, x i and y i , and n is the number of assigned pairs of data. Two pair of variables are correlated if |r s | → 1, while if |r s | ≈ 0 no correlation exists. The null hypothesis, that the two pair of variables are not correlated, is tested with P r s . In practice, the null hypothesis could be rejected if P r s tends to zero. In this work, we consider a correlation as significant if |r s | > 0.5 and P r s < 0.0015 (significance over 3σ).
Our data includes all orbital sub-populations, from centaurs to detached objects (see Gladman 2008, for definitions) . But for the sake of this work we will not analyze them separated as we consider that splitting our sample into smaller ones will only decrease its statistical reliability. Nevertheless, a small discussion is included in Sect. 4.
All the correlation results are reported in Table 3 , where we marked in boldface those that are statistically significant. Among them the correlation between H V (or H R ) and D (or p V ), should be simply explained by the relation between diameter, albedo, and absolute magnitude (Eq. 1).
As can be seen in The most interesting correlation that appears involves H V − H R and ∆β (Fig. 3) . The correlation clearly indicates that redder objects have smaller ∆β. Physically, this means that, for redder surfaces, the phase curves in the R filter are steeper than the ones for the V filter, while the opposite holds for bluer objects.
Another feature of interest, but that has no significance as correlation, between H V − H R and p V , can be seen in Fig.  4 . Lacerda et al. (2014) used a similar scatter plot (but using S computed from average colors instead of absolute color) to propose that there exist two groups: one neutral and dark and other red and bright. Some weak evidence could be seen in our figure as well. We will come back to this issue further ahead.
Sub-samples by size ([2] and [3]):
Brown (2012) reported that the surface properties of objects with diameters larger than 500 km are different from smaller objects, for example due to volatile retention (e.g., Schaller & Brown 2007) . Aiming at understanding if any size-related effect could be seen in our data we separated our objects into "small" (Sample [2]) and "large" (Sample [3]) according to H V = 4.5.
Both sub-samples span more or less the same range in absolute colors and relative phase coefficient, with more extreme values in Sample [2], which seems reasonable due to the lower signal-to-noise ratio of the data. The most interesting feature is that the anti-correlation between H V − H R 4 http://public-tnosarecool.lesia.obspm.fr and ∆β holds for both sub-samples indicating, perhaps, that it is related to surface properties rather than size. Also, as objects from all regions of the trans-Neptunian belt are included (centaurs as well), the correlation is possibly not due to some unknown observational bias (Fig. 3 (Fig.5, bottom panel) , which is expected due to the retention of volatiles on the larger objects. For Sample [2] the absolute color is correlated with the albedo, implying that high albedo surfaces (with an upper limit in size of 500 km) have redder colors, while no similar correlation is seen among Sample [3] .
In general, there exists a trend on higher absolute magnitudes H V (and H R ) and albedo. We did not use p R , that could have been computed using H V − H R and the albedo, as it would not have been a quantity obtained independently from our data.
DISCUSSION AND CONCLUSIONS
In this paper we present H V (β V ) for 114 objects and H R (β R ) for 113. These results were obtained from data observed by ourselves and from the literature. Note that 105 objects have both phase curves and therefore absolute colors. In paper 1 we had not included data in the R filter, thus the present work expands our previous results. We tested for different correlations, among our data, orbital parameters, and data from the TNOs are cool survey.
The most interesting correlation we found is between H V − H R and ∆β. The correlation holds if we consider different bins in semi-major axis (see Fig. 3, top) and separate between large an small objects (Fig. 3, bottom) . Therefore, we conclude it is intrinsic to the TNO (and associated) population. This correlation indicates that redder objects have steeper phase curves in the R filter than in the V filter, while the opposite is true for bluer objects. As many different surfaces types, sizes, and dynamical evolutions are being sampled by our absolute colors we cannot assure that we are seeing an evolutionary effect, but probably something related to the porosity and compaction of the surfaces. The intrinsic brightness of the object depends of asteroid albedo, which is determined by the surface composition, compaction and grains size. There is a dependence of phase coefficient on surface texture (Shkuratov 1994,b) . However, given the inhomogenities of our data base, further studies are needed to clarify this interpretation.
We separated our sample into two sub-groups: large and small, using H V = 4.5 as discriminant based on the results of Brown (2012) in order to use all our dataset. Interestingly, there seems to be a gap in this region (Fig. 5 top) which remains to be confirmed. From our search for correlations among the two aforementioned groups (large and small) we found that: • The correlation between H V − H R and ∆β holds for both of them. As we do not expect the surface composition to be the same in both groups (in fact it is clear that the large objects do not have objects as red ad the small population) and the albedo distributions are different, we consider that the correlation is due to surface micro-structure (compaction, grain size) in a yet-to-be-understood way. Surface temperature does not seem to be a key factor here either, at least in first approximation, as the correlation holds for different bins in semi-major axis as well.
• There exists a significant correlation between H V − H R and p V for the small objects (upper size limit at ∼ 500 km). According to this correlation the redder objects have higher albedos. For the larger objects there is a marginal (opposite) trend.
• Regarding the small objects, the high-albedo tend, as well, to be the larger objects as shown in Fig. 5 . According to our understanding of collisional and resurfacing models, an initially neutral bright surface (ice-covered) under irradiation will decrease its albedo in the visible faster than in the red. Further irradiation will decrease the albedo in the red letting a dark carbon-covered surface with a neutral slope (e.g., Strazzulla et al. 1991; Thompson et al. 1987; Hudson et al. 2008, and references) . The main opposing mechanism is collisional, that craterize the surface exposing subsuperficial material (see Gil-Hutton 2002) . Therefore, the larger "small" objects, of higher albedo and red, are probably well processed, but not yet in the last stages of irradiation, while the smaller, bluer and lower-albedo, could be objects that are very processed. This is very curious, because these smaller objects (Fig. 6-right) should have suffered more impacts than larger ones (e.g., Dohnanyi 1971; Farinella & Davis 1992) and, in principle, there should be at least some objects with higher albedos.
We also searched for correlations among the different dynamical classes: Centaurs, Classical TNOs, Scattering objects (including Detached objects, and Resonant objects, following Gladman (2008) . Although with a lower number of objects, the correlation between H V − H R and ∆β appears in all subpopulations, pointing even more towards a property shared by all these minor bodies and that deserves further analysis.
Following part of the discussion drawn in paper 1, it becomes clear that, although the β distribution are clearly unimodal and that about 60 % of the objects are close to the mode of the distribution, a non-negligible fraction of objects have values that can differ by a significant amount of the mode. Therefore an "average" value of the phase coefficient must be taken, and used, with extreme caution.
A phase curve with negative values of β do not have a direct physical interpretation in terms of photometric models, see our discussion in paper 1. Nevertheless, some plausible explanations are (i) underestimation of rotational amplitude, which could account for values of reduced magnitudes different than expected by our simple model (Eq. 4), (ii) the presence of material surrounding the body (ring systems, satellites, or binaries) which modify the total reflecting area as seen from Earth, and (iii) faint cometary-like activity. Further deeper, in quality and quantity, photometric studies are needed in order to discern between these scenarios.
The absolute magnitudes and phase coefficients have been obtained from heterogeneous sources, with a variety of precisions, from a wide distribution of telescopes, instruments, and filters. Nevertheless, we have used homogeneous techniques to analyze them and produce an accurate database, although probably not as precise as desired, especially due to the large uncertainties introduced by unknown rotational properties. Also, our results are, in a way, mean values, as observations covering large intervals of time are being used here and some objects are known to suffer changes in relatively short time-scales, for instance the ring bearer Chariklo. Nevertheless, the statistical significance of our database is robust and we intend to continue increasing it, including new observations reported in the literature and our own forthcoming observations.
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